myosin light chain kinase; organ culture; regulatory myosin light chain; smooth muscle; vascular endothelial growth factor receptors ARTERIES ARE COMPOSED of multiple different phenotypes of several major cell types organized into structures that are both highly heterogeneous and dynamic, particularly during periods of growth and development (20, 21, 26) . Although a broad variety of evidence has carefully detailed this dynamic heterogeneity, the factors driving phenotypic changes in vascular mural cells remain uncertain. One major source of trophic factors governing vascular growth and differentiation is clearly the nonvascular parenchymal tissue surrounding the arteries (33, 34) . Another important source is the vascular endothelium, which can modulate smooth muscle structure and function in relation to changes in artery perfusion and shear stress (5) . Together, these two main sources of vasotrophic factors set up opposite gradients between the vascular endothelium and the tissue parenchyma, which in turn have the potential to govern the regional characteristics of smooth muscle phenotype across the artery wall. In support of this "gradient hypothesis," evidence from studies in the rabbit aorta (21) and bovine pulmonary artery (20) demonstrate that smooth muscle cells are organized into lamina of similar phenotype with characteristics that depend on the relative position between the lumen and the adventitia. The identities of the factors responsible for these gradients in phenotype, however, remain uncertain.
One growth factor with great potential to help establish gradients in smooth muscle phenotype is vascular endothelial growth factor (VEGF). Owing to its pronounced effects on vascular permeability, VEGF was discovered in the mid-1970s and was initially known as vascular permeability factor or vasculotropin (17, 53) . Following independent lines of investigation, other studies identified VEGF on the basis of its ability to promote endothelial cell transformation and angiogenesis (12, 34) . The common identity of vascular permeability factor, vasculotropin, and VEGF was recognized in the mid1990s (16) , and since that time more than 30,000 studies have explored the function and properties of this molecule, most of which have focused on its role in angiogenesis (25, 50) . Together, these studies support the view that hypoxic stimulation of the synthesis and release of VEGF from parenchymal tissues leads to new capillary formation, increases tissue perfusion, and attenuates local hypoxia in a classical negative feedback pattern of regulation. Correspondingly, numerous studies have focused on the therapeutic potential of VEGF in diseases where angiogenesis plays a central role, including tumor angiogenesis (12, 54) and wet age-related macular degeneration (40) . A common theme among the majority of these studies is that the effects of VEGF are mediated by specific tyrosine kinase receptors located on the microvascular endothelium.
In addition to its well-established effects on angiogenesis, work in the late 1990s also began to suggest endotheliumindependent roles for VEGF. Most prominent among these was the ability of VEGF to increase the resistance of neuronal cultures to oxygen and glucose deprivation (30) . Interestingly, these protective effects appeared to arise from the ability of VEGF to depress neuronal apoptosis (3), which is similar to the mechanism whereby VEGF promotes endothelial survival and proliferation (2) . More recent studies have further demonstrated a protective effect of VEGF for other central nervous system cell types including astrocytes (19) . VEGF also appears to have important trophic and protective effects on cellular elements of the peripheral nervous system, including both Schwann cells (55) and perivascular sympathetic neurons (39) . Virtually all of these effects of VEGF appear to be mediated by the highly specific dimeric receptor tyrosine kinases Flt-1 and Flk-1/KDR (25) .
Apart from trophic effects on endothelia and cell types of the central and peripheral nervous systems, VEGF has also been implicated as a regulator of skeletal muscle growth and differentiation (9, 44) . In parallel, recent studies have further suggested that VEGF has direct effects on smooth muscle, through which it can stimulate migration (22) and proliferation (45) of smooth muscle myocytes. Given the ability of VEGF to influence skeletal muscle differentiation (9, 44) , it is possible that VEGF could also influence smooth muscle differentiation, although available studies of this hypothesis have thus far been limited to identification of VEGF receptors in smooth muscle cells (10, 29) . Such an effect for VEGF would give it the simultaneous abilities to regulate endothelial growth and proliferation, stimulate sympathetic perivascular growth with subsequent trophic effects on smooth muscle development (8, 58) , and influence upstream smooth muscle differentiation in a coordinate manner.
The present study was carried out to explore the hypothesis that smooth muscle cells are organized into lamina of similar phenotype with characteristics that depend on the relative position between the lumen and the adventitia and involve the direct effects of VEGF on arterial smooth muscle independent of the vascular endothelium. Given that the perinatal period is a time of rapid vascular differentiation and functional maturation, it is likely that the potential effects of VEGF on smooth muscle development would be most evident during this period. Correspondingly, the current experiments examined and compared arteries harvested from term fetal lambs and adult sheep. To identify potential smooth muscle effects of VEGF far removed from the microvasculature, the paradigm utilized common carotid artery segments. Denudation of the vascular endothelium from all segments minimized any possible contributions from endothelium-dependent mechanisms. The use of whole artery organ culture methods facilitated quantitation of the direct effects of VEGF on smooth muscle through comparisons of treated and untreated segments. Determination of active stress-strain relations and contractile protein abundances further enabled quantitation of VEGF effects from both functional and structural perspectives, respectively. To explore the gradient hypothesis the experimental approach incorporated customized methods to quantitate marker abundance as a function of relative position between the lumen and the adventitia. Together, these approaches revealed unprecedented effects of VEGF on large artery growth and functional maturation.
MATERIALS AND METHODS
All procedures used in these studies received approval from the Animal Research Committee of Loma Linda University and adhered to the policies and practices outlined in the National Institutes of Health "Guide for the Care and Use of Laboratory Animals." All procedures related to animal surgery and procurement of tissues have previously been described in detail (61) . All sheep used in these studies were bred, raised, and maintained at sea level before transportation to Loma Linda University.
Tissue harvest and preparation. All protocols utilized ring segments of common carotid arteries from fetal (139 -142 days gestation) lambs of either sex and young nulliparous adult female sheep (18 -24 mo old), harvested using sterile techniques. Ring segments were used instead of arterial strips to better preserve artery structure and minimize damage to the medial layer. Correspondingly, all rings included the adventitial layer. Pregnant ewes were anesthetized with 30 mg/kg pentobarbital sodium, intubated, and then placed on 1.5-2.0% halothane. The anesthetized fetus was then exteriorized through a midline vertical laparotomy and killed by rapid removal of the heart and exsanguination. Adult animals were killed by intravenous administration of 100 mg/kg pentobarbital sodium. Harvested arteries were placed in sterile HEPES buffer solution (in mM) (122.1 NaCl, 25 HEPES, 5.16 KCl, 2.4 MgSO 4, 0.05 EDTA, 11.1 dextrose, 1.6 CaCl 2). After gentle removal of extracellular and loose connective tissue, the arteries were denuded of endothelium, as previously described (61) . The denuded carotid segments were cut into 3-mm lengths and then distributed to the various protocols.
Organ culture. Artery segments destined for organ culture were maintained in untreated 12-well plates with DMEM (no. M56469C, Sigma Aldrich, St. Louis, MO) supplemented with the following: Na 2HCO3 (3.7 g/l), 0.5% amino acid solution (no. M5550, Sigma Aldrich), 1% nonessential amino acid solution (no. M7145, Sigma Aldrich), 4 mM glutamine (no. G7513, Sigma Aldrich), 2% antibioticantimycotic solution (no. 15240-096, GIBCO, Carlsbad, CA), and gentamycin at 70 g/ml (no. 15750-060, GIBCO). Cultures were maintained in a humidified incubator with 5% CO2 in room air at 37°C.
To assess the effects of fetal bovine serum (FBS, no. SH30070.01, Hyclone) on organ culture, matched serial segments of adult ovine carotids were cultured in either 0%, 1%, 2%, or 4% FBS in DMEM for 24, 48, or 72 h. To determine the combined effects of VEGF-A165 (no. 293-VE-010, R&D Systems, Minneapolis, MN), arteries were cultured in both the absence and presence of a low physiological concentration (3 ng/ml) of VEGF-A165 added only during the final 24 h of culture, together with FBS. Use of this low physiological concentration decreased the likelihood that VEGF would interact with non-VEGF receptors, such as the PDGF receptor recently shown to bind VEGF-A (4), and also replicated circulating levels of VEGF measured in sheep (60) . For all conditions, the culture medium was changed once every 24 h, and upon completion of culture the arteries were examined for functional changes using the contractility protocol (see Contractility studies).
In separate experiments, matched serial artery segments were cultured without FBS in DMEM alone (starvation) for 24 h and then were cultured an additional 24 h in new media containing DMEM either with or without 3 ng/ml VEGF-A165. As revealed in our preliminary studies, the 24-h period of serum starvation before VEGF treatment aligned the cell cycle (23, 64) , allowed for the removal of endogenous growth factors by diffusion into the media, and significantly reduced the variability of responses to VEGF. Arteries cultured under these conditions were then submitted for Western blots, fluorescent immunohistochemistry, and contractility studies. For all culture treatments, matched fresh uncultured artery segments were studied in parallel.
Contractility studies. All artery ring segments used for contractility measurements were wire mounted in vitro between an isometric force transducer and a micrometer slide used to measure artery diameters. Mounted segments were first equilibrated for 30 Once contractile responses to the high K ϩ buffer had stabilized, the arteries were returned to Na ϩ -Krebs buffer and then equilibrated at the next highest stretch ratio. Once the responses at a strain (D/D 0) of 3.3 had been recorded, the arteries were then frozen in liquid nitrogen to rupture the cells and then incubated in a calcium-free Na ϩ Krebs buffer containing 3 mM EGTA. The level of passive stress produced at each strain ratio used was then recorded.
The active stresses produced by high K ϩ were calculated as the differences between the magnitudes of the active stresses recorded immediately before and after the application of the high K ϩ buffer. The active stresses attributable to spontaneous myogenic tone were calculated as the differences between the spontaneous active tone measured before, and the passive stresses measured after, liquid N 2 and EGTA treatment at each level of strain. To determine arterial stiffness, the relations between strain and passive stresses (after liquid N2 and EGTA treatment) were determined using curve fitting with a monotonic exponential model to determine the coefficient of stiffness.
Fluorescent immunohistochemistry. Artery segments were fixed in 4% neutral buffered EM-grade formaldehyde (no. 15713S, Electron Microscopy Sciences) overnight. Segments were dehydrated and embedded in paraffin and sectioned at 5 m. Slides were deparaffinized in Histo-Clear (no. HS-200, National Diagnostic, Atlanta, GA) and rehydrated in decreasing grades of alcohol. Antigenic sites were exposed by microwaving samples in a solution of citrate buffer (pH 6.03). Permeabilization and blocking were achieved using 1% bovine serum albumin (no. SC-2323, Santa Cruz Biotechnology) and 0.1% Triton X-100 (no. T-8787, Sigma Aldrich). The primary antibodies, monoclonal anti-␣ actin smooth muscle (A5228, Sigma Aldrich) at 1:200, myosin light chain kinase (MLCK, SC-25428, Santa Cruz Biotechnology) at 1:50, and monoclonal anti-regulatory myosin light chain (no. M4401, Sigma-Aldrich) at 1:300 were applied and incubated at 4°C overnight. The next day, the slides were washed for two 10-min cycles in PBS. The appropriate secondary antibody with DyLight 488 Conjugated (no. 35502, Pierce Chemical, Rockford, IL) was applied to the tissue for 2 h at room temperature. After this incubation, the slides were kept in the dark to minimize deterioration of the fluorescent dye. The slides were then covered and washed for two 10-min cycles in PBS. Tissue slides were mounted with coverslips and SlowFade Gold antifade reagent with DAPI (S36939, Invitrogen, Carlsbad, CA) and then stored until imaged. All images were captured using a Zeiss Imager. A1 AX10 Fluorescence microscope and Spot software (version 4.6.4.5, Diagnostic Instruments).
Transmural morphometry. To explore the gradient hypothesis that smooth muscle cells are organized into lamina of similar phenotype with characteristics that depend on the relative position between the lumen and the adventitia (20, 21, 26) , we developed a procedure to quantify regional protein abundance. Using Image Pro Plus (version 6.0, MediaCybernetics), six separate intensity scans were recorded along radial lines extending from the basal lamina to the adventitialmedial junction. The radial scan lines mapped fluorescent intensity to distance from the lumen and were distributed symmetrically at 60-degree increments around the lumen to provide even coverage of each coronal section. All distance measurements were normalized to medial thickness, with a value of "0" assigned to the region just inside the basal lamina and a value of "100" assigned to the region just inside the adventitial-medial junction. Because the relations between fluorescent intensity and fluorophore concentration are highly nonlinear, we prepared calibration curves with known concentrations and volumes of commercially prepared microspheres uniformly labeled with fluorophore (no. MP07219, Invitrogen/Molecular Probes, Eugene, OR). These calibration curves (see Fig. 3 ) enabled conversion of the recorded fluorescent intensities into relative concentrations, which in turn were averaged as a function of percent distance from the lumen across all line scans taken from the same section. The resulting transmural concentration profiles were then normalized so that the area beneath the concentration-distance curves were unity. The resulting individual transmural profiles were then averaged across all artery sections within the same experimental group. To calibrate these transmural estimates of regional marker concentration, the normalized local concentration profiles from each section were multiplied by the average content of each marker in each experimental group determined using calibrated Western blots. Finally, the calibrated values of local marker concentration were averaged to provide regional estimates of marker abundance. The "lumen," "media," and "adventitial" regions were averaged across values from 5% to 15%, from 45% to 55%, and from 85% to 95% of the normalized distance from the lumen, respectively.
Western blot analyses. Artery segments were homogenized using glass on glass in 8 M urea, 500 mM NaCl, 20 mM Tris, 23 mM glycine, 10 mM EGTA, and 10% glycerol at pH 8.6 with addition of a protease inhibitor cocktail at 5 l per ml of buffer (no. M1745, Sigma-Aldrich). Supernatants were collected after centrifugation at 5,000 g for 20 min. Protein homogenates were separated by SDS-PAGE along with a pooled reference prepared from adult ovine common carotid arteries used to calibrate sample abundances. The separated proteins were transferred to nitrocellulose at 350 mA for 90 min in Towbin's buffer (25 mM Tris, 192 mM glycine, 10 and 20% methanol). After transfer, the membranes were blocked with 5% milk in Tris-buffered saline at pH 7.5 (M-TBS) for 1 h at room temperature using continuous shaking. All subsequent washes and incubations were performed in M-TBS with 0.1% Tween-20. Primary antibodies were incubated for 3 h with the following dilutions for smooth muscle ␣-actin (SM␣A) at 1:3,000, MLCK at 1:10,000, regulatory myosin light chain at 1:200, and VEGF-A165 at 1:1,000. Primary antibodies for SM␣A, MLCK, and regulatory myosin light chain were obtained as described for immunohistochemistry. The anti-VEGF antibody was purchased from Abcam (no. AB119, Cambridge, MA). For visualization, membranes were incubated for 90 min with a secondary antibody conjugated to DyLight 800 (no. 46422, Pierce Chemical). Membranes were imaged on LI-COR Bioscience's Odyssey system.
Quantitation of mRNA for Flt-1, KDR, and endothelial nitric oxide synthase. Freshly dissected carotid artery segments were denuded of endothelium and stored in RNAlater (AM7020, Invitrogen) at Ϫ20°C until homogenized. To extract RNA, uncultured segments weighing ϳ25 mg were prepared using the RNeasy Fibrous Tissue Mini Kit (no. 74704, Qiagen, Valencia, CA). Total RNA extracts were prepared from uncultured fetal and adult carotid arteries, as well as cultured ovine endothelial cells used as a positive control. To minimize RNA degradation during sample preparation, all instruments were treated with RNAse Away (no. 7002, Molecular BioProducts). Total mRNA was quantified with the NanoDrop 2000 Spectrophotometer (Thermo Scientific); all samples exhibited RNA concentrations of at least 50 ng/l and a 260/280 nm ratio between 1.7 and 2.1.
To select the optimum primer sets, multiple primer pairs were assayed, and for each 1.0 g of total RNA was cloned with the AMV Reverse Transcriptase kit (no. 12328-019, Invitrogen) and then amplified via PCR in a 20-l reaction volume using JumpStart REDTaq DNA Polymerase (no. D8187; Sigma-Aldrich). After amplification, the products were separated on a 3% agarose gel, visualized with GelStar-Nucleic Acid Gel Stain (no. 50535, Fischer), and imaged using AlphaEase by Alpha Innotech (Santa Clara, CA). Final primer selections were as follows: for Flt1, the forward primer was 5=-ACCTTGGTTGTGGCTGATGCT-3= and the reverse was 5=-GCT-CACCTGAAATCCATGGGGCA-3=; for kinase insert domain recep-tor (KDR) the forward primer was 5=-GGGACCTGGCAGCGC-GAA-3= and the reverse was 5=-TCGTTTCTGGGGCCATCCAC-3= (P6); and for endothelial nitric oxide synthase (eNOS) the forward primer was 5=-TCTTCCACCAGGAGATGGTC-3= and the reverse was 3=-GTTGGTAGGACATGCGGAGA-5=. The Flt1 and kinase insert domain receptor (KDR) primers were designed using the NCBI Primer-Blast software for GenBank AF488351.1 and AF233076.1, respectively.
Once optimal primer sets and conditions had been identified, mRNA samples were quantitated using a single step iQ SybrGreen Supermix (no. 170-8880, Bio-Rad, København, Denmark). Melting and efficiency curves were determined to optimize the T m (59.4), cycle number, and reagent ratios. The final samples included 100 ng mRNA and 300 nM primers (for Flt-1, KDR, and eNOS) in a 25-l reaction volume. Reactions were run using a Bio-Rad IQ5 at 95°C for 10 min, 95°C for 15 s, and 60°C for 1 min for 40 cycles. The PCR products were separated on 3% agarose gels in 8TAE, stained with SybrGold (Molecular Probes), and imaged using AlphaEase.
Data analysis and statistics. Contractile stresses were calculated as ratios of force per cross-sectional area. Forces were calculated as contractile tensions measured in grams times the acceleration due to gravity. Cross-sectional areas were calculated as the products of wall thicknesses and segment lengths, corrected for stretch as previously described in detail (27, 49) . Values of contractile stresses were compared using a balanced two-way repeated measures ANOVA; each animal contributed equally to the fresh, starved, and VEGF treatment groups. Relations between fluorophore concentration and fluorescent signal intensity were determined using nonlinear regression with the logistic equation. For each relation, the inverse form of the calibration equation was used to directly calculate fluorophore concentrations from intensity values. The intensity values were normalized within each segment to yield an area beneath the intensitydistance curve of unity and calibrated against marker abundances measured with Western blots. All Western measures of protein abundance were calibrated against a standard curve prepared from common pooled references prepared from adult common carotids. Values of local abundance were compared using a three-way ANOVA with age, treatment, and region as factors. Post hoc comparisons between means within the ANOVA were performed using a Duncan's Multiple Range analysis. For mRNA abundances, fold differences were calculated as the slope of the efficiency curve raised to the power of the difference in C t values between unknowns and corresponding positive control values. Fold difference values were divided into 100 to calculate percentages of positive control mRNA. Normal distributions were verified in all data sets using a D=Agostino-Pearson K2 test, and homogeneity of variance within all ANOVA data sets was verified using a Bartlett's-Cochran test (63) . Statistical power was at least 0.8 unless stated otherwise.
RESULTS
A total of 75 sheep were used in this study of which 43 were term fetal lambs and 32 were adult sheep. From these animals we harvested a total of 494 carotid artery segments, including 257 fetal segments and 237 adult segments. Throughout the text, "n" represents the number of animals, and not the number of segments, used in each experiment. Unless stated otherwise, statistical significance implies P Ͻ 0.05. All values are given as means Ϯ SE.
Effects of FBS on organ culture with VEGF-A 165 . In both fetal and adult arteries, organ culture significantly decreased contractile responses to K ϩ after 48 and 72 h in all FBS-treated fetal and adult segments (Fig. 1, left panels) . Under serum starvation conditions, responses to K ϩ were significantly decreased relative to day 0 only at 48 h in adult segments but at 24, 48, and 72 h in fetal segments. For both fetal and adult segments, serum-starved contractile responses to K ϩ were stable after 48 h of culture.
Serum starvation for 24 h followed by an additional 24 h of organ culture with 3 ng/ml VEGF-A 165 also significantly influenced contractile responses to K ϩ ; in both fetal and adult arteries these responses were significantly increased in the absence of FBS and more so in adult than fetal arteries (Fig. 1,  right panels) In addition, for both fetal and adult arteries, the magnitude of stretch required to attain optimum myogenic tone was significantly greater than required to reach optimum K ϩ -induced tone. Serum starvation had no significant effect in either age group except in adult arteries where starvation significantly decreased unstressed diameter. Organ culture with 3 ng/ml VEGF-A 165 had no significant effect on any of these structural variables in either the fetus or the adult.
Contractile responses to K ϩ -induced depolarization exhibited typical bell-shaped relations between active stress and strain (Fig. 2 , left panels) that agreed well with our previous findings (27, 49) . Organ culture for 48 h under serum starvation conditions significantly depressed maximum active stress responses to K ϩ -induced depolarization in both fetal and adult arteries. Organ culture for 24 h under serum starvation conditions followed by 24 h of culture with 3 ng/ml VEGF-A 165 had no significant effect compared with serum starvation alone in fetal arteries but significantly enhanced maximum K ϩ -induced active stresses and right shifted the stress-strain relation in adult arteries (Fig. 2, lower left panel) . For corresponding treatments, maximum active stress responses to K ϩ -induced depolarization were significantly greater in adult than in fetal arteries.
Contractile responses to artery stretch alone (myogenic stress), defined as the difference in stresses measured before and after freezing in liquid N 2 and incubation in 3 mM ETGA, also exhibited bell-shaped relations, although these were significantly right-shifted relative to those for the K ϩ -induced active stress strain relations for both fetal and adult arteries (Fig. 2, right panels) . Organ culture for 48 h under serum starvation conditions modestly but significantly depressed maximum myogenic stress in fetal arteries but significantly increased it in adult arteries. Organ culture for 24 h of serum starvation followed by 24 h of culture with 3 ng/ml VEGF-A 165 again had no significant effect compared with serum starvation alone in fetal arteries but significantly depressed maximum myogenic stress in adult arteries. The magnitudes of maximum myogenic stress were similar in fetal and adult arteries and compared with the magnitudes of maximum K ϩ -induced active stresses were similar in adult arteries but were more than twofold greater in fetal arteries. Overall, the stressstrain results revealed that organ culture with VEGF-A 165 for 24 h had little effect in fetal arteries but significantly enhanced K ϩ -induced active stresses and significantly depressed myogenic stresses in adult arteries.
Effects of organ culture with VEGF-A 165 on regional expression of SM␣A. To enable a more quantitative analysis of the artery images, we determined the relations between fluorophore concentrations and fluorescent intensities for multiple exposure times (Fig. 3) . When the calibration curves constructed from these measurements were used to convert the line scan data into apparent concentrations and then normalized to Western blot measurements of whole artery protein abundance, we obtained regional estimates of local marker abundance that were highly reproducible (see Figs. 4 -6 ).
For SM␣A, relative abundances (compared with our pooled standard reference) averaged 1.42 Ϯ 0.08, 1.53 Ϯ 0.10, and 1.38 Ϯ 0.09 in fresh, starved, and VEGF-treated adult arteries (N ϭ 7) . Corresponding values in fetal arteries averaged 0.62 Ϯ 0.07, 0.59 Ϯ 0.05, and 0.64 Ϯ 0.07 (N ϭ 7). When these measurements were used to normalize the fluorescent line scan data, the results revealed a significantly greater expression of SM␣A in the adventitial region than in the luminal region of fresh adult arteries (Fig. 4) . For all three regions, the abundances of SM␣A were significantly greater in adult than in fetal arteries. When treatments were compared relative to values in fresh arteries, 48 h of serum starvation increased SM␣A expression in adult but not fetal arteries; starvation significantly depressed SM␣A expression in fetal arteries but only in the medial region. Organ culture with VEGF had no effect on SM␣A in fetal arteries but significantly decreased SM␣A in all three regions of adult arteries.
Effects of organ culture with VEGF-A 165 on regional expression of MLCK. Western blot measurements of MLCK relative abundances averaged 1.34 Ϯ 0.14, 0.09 Ϯ 0.02, and 0.09 Ϯ 0.04 in fresh, starved, and VEGF-treated arteries, respectively (N ϭ 7). Corresponding values in fetal arteries averaged 0.60 Ϯ 0.07, 0.06 Ϯ 0.01, and 0.12 Ϯ 0.03 (N ϭ 7). When combined with the line scan data, these results revealed multiple significant age-related differences in regional abundances (Fig. 5) . In fresh adult arteries, MLCK abundance was similar in the luminal and adventitial regions but was significantly depressed in the medial region. In contrast, in fresh fetal arteries MLCK abundance was greater in the luminal region and decreased progressively to its minimum value in the adventitial region. For all three regions, the abundances of MLCK were significantly greater in adult than in fetal arteries. When treatments were compared relative with values in fresh arteries, 48 h of serum starvation dramatically and significantly decreased MLCK abundance in all three regions of both age groups. Organ culture with VEGF modestly but significantly Fig. 1 . Organ culture with fetal bovine serum (FBS) alters common carotid contractility in an age-and concentration-dependent manner. Organ culture of endothelium-denuded fetal and adult common carotid segments with FBS significantly altered the maximum contractile response to 120 mM K ϩ (plotted as maximum active stresses), and this effect varied with duration of culture (P Ͻ 0.05 in both fetal and adult segments at 48 and 72 h for all FBS concentrations) and age (left panels). In serum-starved arteries, contractile responses to K ϩ were significantly depressed only at 48 h of culture in adult arteries and at 24, 48, and 72 h in fetal arteries. Contractile responses did not change significantly after 48 h of serum starvation in both fetal and adult arteries. When fetal and adult segments were organ cultured 24 h under serum starvation conditions, followed by 24 h of organ culture with a low physiological concentration (3 ng/ml) of vascular endothelial growth factor (VEGF)-A165, the presence of FBS significantly decreased contractile responses to VEGF in and age-and concentrationdependent manner. Culture with VEGF alone significantly enhanced contractile responses to 120 mM potassium (plotted as change in active stress), and increasing concentrations of FBS progressively reversed this effect (right panels). The effects of VEGF and FBS on contractility were significantly greater in adult than fetal arteries. Error bars indicate SE for 203 total fetal segments and 210 total adult segments, distributed among the various experimental groups, from a total of 11 fetuses and 11 adult sheep.
increased MLCK abundance in all three regions of fetal arteries but was without effect in any adult artery region. . In combination with the line scan data, these results revealed multiple regional and age-dependent differences (Fig. 6) . In fresh adult arteries, the relative abundance of MLC 20 was similar in the luminal and medial regions but was significantly greater in the adventitial region. In fresh fetal arteries, the relative abundance of MLC 20 was greatest in the luminal region and least in the medial region. In all three regions, MLC 20 abundance was significantly greater in adult than in fetal arteries. Relative to values in fresh arteries, 48 h of serum starvation significantly decreased MLC 20 abundance in all three regions of both age groups. Organ culture with VEGF significantly increased MLC 20 abundance in all three regions of fetal arteries but decreased MLC 20 abundance in both the medial and adventitial regions of adult arteries.
Effects of organ culture with VEGF-A 165 on regional ex-
Expression of mRNA transcripts for Flt-1, KDR, and eNOS in fetal and adult carotids. Real-time quantitative PCR measurements of the relative copy numbers of transcripts for the VEGF receptors Flt-1 and KDR and the endothelial marker eNOS strongly suggested the presence of VEGF receptors in both fetal and adult carotid artery smooth muscle (Fig. 7) . Relative to expression levels in cultured ovine endothelial cells used as positive controls, the relative copy numbers for Flt-1 averaged 10.4 Ϯ 1.5% and 3.5 Ϯ 0.6% in fetal (n ϭ 5) and adult (n ϭ 5) arteries, respectively. For KDR the corresponding values averaged 31.2 Ϯ 4.6% and 6.3 Ϯ 1.7%, respectively. For both Flt-1 and KDR, transcript abundances were significantly greater in fetal than adult arteries. Relative copy numbers for the eNOS transcript were very small for both fetal (1.3 Ϯ 0.4%) and adult (0.9 Ϯ 0.4%) arteries, suggesting that the mechanical procedure used to remove the vascular endothelium was highly effective and that the measured abundances for the Flt-1 and KDR receptors cannot be explained by contamination from endothelial cells.
DISCUSSION
The present study offers six original observations. First, organ culture with FBS obscures or reverses the effects of VEGF on endothelium-denuded carotid arteries. Second, 24 h of organ culture in the absence of FBS followed by 24 h of culture with a physiologically relevant concentration of VEGF-A 165 (3 ng/ml) increased K ϩ -induced contractions and depressed stretch-induced contractions in adult arteries but was without effect in fetal arteries. Third, organ culture with VEGF decreased SM␣A abundance throughout the artery wall in adult arteries but was without effect in fetal arteries. Fourth, organ culture with VEGF was without effect on MLCK abundance in adult arteries but uniformly increased MLCK abundance in fetal arteries. Fifth, organ culture with VEGF increased the abundance of regulatory light chain in fetal arteries but decreased MLC 20 abundance in adult arteries. Sixth, transcripts for Flt-1 and KDR were expressed in arteries from both age groups and to a greater extent in fetal than adult arteries. Together, these observations support the hypothesis that smooth muscle cells are organized into lamina of similar phenotype with characteristics that depend on the relative position between the lumen and the adventitia and involve the direct effects of VEGF on arterial smooth muscle independent of the vascular endothelium in an age-dependent manner.
Effects of organ culture with FBS and VEGF on arterial contractility. The organ culture of arteries is a convenient method employed for more than 40 years (37) to identify how compounds and pathogens, both endogenous and exogenous, directly influence vascular smooth muscle structure and composition. Optimization of culture conditions can be challeng- Fig. 2 . organ culture with VEGF differentially alters contractile responses to myogenic stretch and potassium depolarization in an age-dependent manner. Endothelium-denuded carotid arteries from 28 fetal lambs and 23 adult sheep were prepared as matched sets of 3 adjacent segments from each animal. One member of each set was studied the day of euthansia (Fresh), one was studied after 48 h of organ culture under serum starvation conditions (Starved), and one was studied after 24 h of serum starvation followed by 24 h of culture with 3 ng/ml VEGF-A165. Complete stressstrain relations were determined in all fetal (top panels) and adult (bottom panels) arteries. At each level of stress examined, the level of spontaneous, stretch-dependent tone was determined (right panels), as was the active response to depolarization with 120 mM potassium (left panels). As revealed by repeated measures ANOVA, organ culture with VEGF was without effect in fetal arteries but significantly increased maximum active stress and decreased maximum myogenic stress in adult arteries. Error bars indicate means Ϯ SE.
ing, however, in light of the broad variety of conditions used. Of particular importance is the concentration of FBS in the culture media, which can vary from 10% (43) to 1% (1) or even less (35) . To optimize the concentration of FBS for the present studies, the experimental approach relied on the functional endpoint of contractility measured as stresses (force per crosssectional area). Measurement of active stresses was essential owing to the many possible effects of organ culture on ion channel expression (38) , calcium metabolism (56, 57) , and overall contractility (62) that together precluded any method of normalization of contractile force. This approach thus incorporated any changes in artery wall thickness and contractility caused by organ culture. Not unexpectedly, the presence of FBS in the organ culture medium significantly altered contractile responses to K ϩ -induced depolarization in a concentrationand time-dependent manner; contractility was stable after 48 h of culture in both fetal and adult arteries but only in serumstarved arteries (Fig. 1, left panels) . When the arteries were cultured for 24 h to align the cell cycles (23, 64) and facilitate washout of endogenous growth factors, exposure to 3 ng/ml VEGF in the absence of FBS significantly enhanced contractile stresses in both fetal and adult arteries (Fig. 1, right panels) . More importantly, inclusion of FBS in the culture medium reversed the contractile effects of VEGF, indicating that FBS can obscure the vascular effects of VEGF, even at low concentrations. These results further demonstrated that VEGF at a low physiologically relevant concentration (60) with only 24 h of treatment can significantly alter artery contractility through direct, endothelium-independent effects. By extrapolation, the use of higher VEGF concentrations and/or longer durations of treatment, as commonly reported in the literature (10, 22) , might be expected to produce significantly greater, if less physiologically relevant, vascular smooth muscle effects. Together, the results with FBS and 3 ng/ml VEGF strongly suggest that variations in the concentrations of both of these factors could help explain much of the inconsistency reported in previous studies of the effects of VEGF on smooth muscle cultures (10, 35) . From these considerations, the organ culture model selected for the present studies avoided the use of FBS, included an initial 24 h of serum starvation, and explored the effects of culture with 3 ng/ml VEGF for only 24 h. Consistent with our previous findings (27, 49) , fetal arteries exhibited significantly smaller values of unstressed diameter and wall thickness and greater values of stiffness, compared with adult arteries. None of these parameters were significantly affected by either serum starvation or treatment with VEGF, suggesting that all contractile changes produced by VEGF were independent of structural changes. In adult arteries, treatment with VEGF enhanced contractile responses to K ϩ depolarization but depressed responses to myogenic stretch (Fig. 2 , lower panels). These opposite effects of VEGF strongly support previous suggestions that very different mechanisms govern K ϩ -induced and stretch-induced contractions (14, 46, 52) . These findings further suggest that VEGF differentially influences the expression, organization, and/or function of the vascular proteins that separately mediate contractile responses to K ϩ -induced depolarization and myogenic stretch. In sharp contrast to the findings in adult arteries, treatment of fetal arteries with VEGF was without effect on contractile responses to either K ϩ depolarization or myogenic stretch (Fig. 2, top  panels) . This finding suggests that coupling between VEGF, its receptors, and contractile protein function for either K ϩ -induced or stretch-induced contraction is acquired with postnatal vascular maturation.
Effects of organ culture with VEGF on contractile protein abundance and distribution. To further explore intramural differences in the expression and distribution of contractile proteins and how these regional patterns might be influenced by organ culture with VEGF, our experimental approach included preparation of serial sections of fresh and organ-cultured arteries for fluorescent immunohistochemistry. Images from these sections revealed major differences between fetal and adult arteries in the organization of the medial and adventitial layers, as expected (Figs. 4 -6 ). To enable identification of the effects of organ culture with VEGF on these structural differences, we developed a morphometric technique to quantify the transmural distribution of the protein markers studied. Conversion of fluorescent intensities measured via radial line scans into apparent concentrations using calibration curves prepared with the same microscope and fluorophores used for our images (Fig. 3) was an essential feature of this paradigm. This approach normalized the intensity results, eliminated complications due to nonlinear relations between fluorophore concentration and fluorescent signal intensity, and made possible the use of standard parametric statistical methods. With these methods, we calculated regional marker concentrations by normalizing the resulting transmural profiles relative to whole artery marker abundances measured via Western blot. This original morphometric paradigm provided several unique perspectives of how marker expression varies across the artery wall and how treatment with VEGF influences these patterns of contractile protein expression in ovine carotids. Fig. 3 . Calibration of relations between fluorophore concentration and fluorescent intensity. The relations between fluorophore concentrations and fluorescence intensities were determined using commercially prepared labeled microbeads applied to microscope slides in known volumes at multiple known concentrations. To accommodate the range of conditions employed during imaging, multiple exposure times were used as indicated in the legend. The data were fitted with the logistic equation, and the inverse forms of these calibration equations were used to convert fluorescent intensities into relative mass values for all images examined. The values shown represent averages for 3 measurements at each concentration-time combination. Fig. 4 . Transmural morphometry reveals an age-dependent influence of organ culture with VEGF on the regional expression of smooth muscle ␣-actin. Endothelium-denuded carotid arteries from fetal and adult sheep were organ cultured as described for the contractility studies and then were fixed in 4% paraformaldehyde, sectioned at 5 m, and immunostained for smooth muscle ␣-actin (green signal). Cell nuclei were stained with DAPI (blue signal). For all images shown, the artery lumen faces rightward. Signal intensities were independently adjusted for each image to maximize dynamic range and do not indicate absolute marker abundance. Coronal sections were line scanned to determine the relations between fluorescent intensity and location in the artery wall. Three locations were examined in detail. The "lumen" region was defined as the area lying just inside the basal elastic lamina. The "media" region was defined as the area midway between the basal elastic lamina and the adventitial-medial border. The "adventitia" region was defined as the area of smooth muscle immediately adjacent to the adventitial-medial border. Values of fluorescent intensity recorded in each region were converted to apparent concentration using standardized calibration curves (see Fig. 3 ) and then averaged across multiple animals and normalized relative to Western blot measurements of smooth muscle ␣-actin abundance. For the Fresh segments, the letters "A" and "L" indicate significant differences compared with the adventitial and luminal regions, respectively. Asterisks indicate paired differences due to treatment (P Ͻ 0.05, ANOVA). Error bars indicate means Ϯ SE for N ϭ 6 for both fetal and adult arteries. Overall, smooth muscle ␣-actin abundance was significantly greater in adult than in fetal arteries for all corresponding treatments. Organ culture with 3 ng/ml VEGF-A165 significantly depressed smooth muscle ␣-actin abundance in adult but not fetal arteries. Note that organ culture altered the structure of both the medial and adventitial layers in an age-dependent manner.
SM␣A was the first marker analyzed with our transmural morphometry paradigm. As thoroughly discussed by Owens et al. (47) , SM␣A is present in all smooth muscle cells, is their most abundant single protein, and is a critical determinant of cell shape and function is this cell type. In the present studies, the overall abundance of SM␣A was more than twofold greater in adult than in fetal arteries (Fig. 4) , which may be explained at least in part by evidence that average cell volume was Coronal sections of ovine carotid arteries were prepared as described for Fig. 4 , immunostained for MLCK, then line scanned to determine the relations between fluorescent intensity and location in the artery wall. For all images shown, the artery lumen faces rightward. As in Fig. 4 , signal intensities were independently adjusted for each image to maximize dynamic range and do not indicate absolute marker abundance. Regional abundances were quantified using calibrated standards, as described in Fig. 4 . Three locations were examined in detail, as described for smooth muscle ␣-actin in Fig. 4 . For the Fresh segments, the letters "A," "M," and "L" indicate significant differences compared with the adventitial, medial, and luminal regions, respectively. Asterisks indicate paired differences due to treatment (P Ͻ 0.05, ANOVA). Error bars indicate means Ϯ SE for N ϭ 8 fetal arteries and N ϭ 10 adult arteries. Overall, MLCK abundance was significantly greater in adult than in fetal arteries for all regions in Fresh arteries. Organ culture with 3 ng/ml VEGF-A165 significantly increased MLCK abundance in fetal but not adult arteries. Note that the effects of organ culture on the structure and organization of both the medial and adventitial layers were most evident in the fetal arteries.
smaller, and the fraction of extracellular volume was significantly greater in studies of fetal compared with adult ovine carotid arteries (18) . In other studies, SM␣A expression also correlated closely with the proportion of smooth muscle cells in a fully differentiated contractile phenotype, which increased with postnatal age (11, 48) . In fresh, uncultured adult arteries, SM␣A abundance was significantly less in the luminal region than the adventitial region, indicating that endogenous expres- Fig. 6 . Transmural morphometry reveals an age-dependent influence of organ culture with VEGF on the regional expression of regulatory myosin light chain. Coronal sections of ovine carotid arteries immunostained for 20 kDa regulatory myosin light chain were line scanned to determine the relations between fluorescent intensity and location in the artery wall. For all images shown, the artery lumen faces leftward. As in Fig. 4 , signal intensities were independently adjusted for each image to maximize dynamic range and do not indicate absolute marker abundance. Regional abundances were quantified using calibrated standards, as described in Fig. 4 . For the Fresh segments, the letters "A," "M," and "L" indicate significant differences compared with the adventitial, medial and luminal regions, respectively. Asterisks indicate paired differences due to treatment (P Ͻ 0.05, ANOVA). Error bars indicate means Ϯ SE for N ϭ 7 fetal arteries and N ϭ 9 adult arteries. Overall, myosin light chain abundance was significantly greater in adult than in fetal arteries for all regions in Fresh arteries. Organ culture with 3 ng/ml VEGF-A165 significantly increased myosin light chain abundance in all regions of fetal arteries but decreased light chain abundance in the medial and adventitial regions of adult arteries. Note that the effects of organ culture were most evident in the luminal region of fetal arteries but in the adventitial region of adult arteries. sion rose as a gradient relative to distance from the lumen. This finding is consistent with previous descriptions of transmural gradients for other vascular proteins (20, 21) and supports the general hypothesis that vascular smooth muscle characteristics are governed by opposing gradients of growth factors originating from the vascular endothelium and the extravascular parenchyma, respectively.
Consistent with the findings of Kato et al. (32) , serum starvation elevated SM␣A expression in adult arteries (Fig. 4) . Kato et al. (32) further reported that treatment with plateletderived growth factor reversed the effect of serum starvation on SM␣A, which parallels our novel finding that culture with VEGF also reversed the effects of serum starvation in adult arteries. This latter finding suggests that expression of SM␣A is tonically inhibited by multiple growth factors in adult arteries. From a functional perspective, the effects of VEGF on SM␣A were consistent with its effect on myogenic contraction (Fig. 2) but not on depolarization-induced contraction. This divergence of effects suggests that similar mechanisms might mediate the effects of VEGF on both myogenic tone and SM␣A expression, but different mechanisms must mediate the effects of VEGF on depolarization-induced tone in adult arteries. In contrast, VEGF had no effect on either SM␣A expression or contractility in fetal arteries. The fetal arteries also exhibited little evidence of the expression gradients observed in adult arteries. These results thus further support the interpretation that coupling between VEGF and contractility is acquired largely during postnatal maturation.
The second contractile protein analyzed with the transmural morphometry paradigm was MLCK. Our previous work with this enzyme has demonstrated that MLCK is far more abundant and is regulated very differently in adult than in fetal ovine carotid arteries (28) . Consistent with our earlier findings, MLCK abundance was greater in adult than in fetal arteries (Fig. 5) . In the adult arteries, no transmural gradient was observed, although MLCK abundance was depressed in the media layer compared with the luminal and adventitial layers; endothelial and parenchymal trophic factors may enhance MLCK expression in the outer smooth muscle layers. The complete withdrawal of all trophic factors produced a major depression in MLCK in all artery regions within 48 h, suggesting that MLCK expression is highly dynamic, counterbalanced by high rates of protein turnover, and dependent on nearcontinuous support from one or more vasotrophic factors. VEGF does not appear to be among the factors that support maximal levels of MLCK expression, because treatment with VEGF had no effect on MLCK in any region of adult arteries. VEGF thus had very different effects on SM␣A and MLCK expression in adult arteries. In marked contrast to the adult artery responses, MLCK expression in fetal arteries exhibited a significant gradient with the highest expression in the luminal region and the lowest in the adventitial region; these results again support the gradient hypothesis but further suggest that gradients in contractile protein expression can either increase or decrease with distance from the lumen and are highly dependent on both age and the specific protein examined. As observed in adult arteries, serum starvation also markedly decreased MLCK expression in fetal arteries, suggesting that the mechanisms regulating MLCK expression and turnover are probably operational early in vascular development. This finding also suggests that MLCK is typically present in great excess beyond the levels required to support contraction. In contrast to the adult arteries, however, MLCK expression in fetal arteries was significantly enhanced by VEGF treatment. This finding suggests not only that VEGF receptors may be present on fetal smooth muscle cells but also that VEGF exerts fundamentally different influences on immature and mature arteries. In turn, the ability of VEGF to enhance MLCK expression in fetal arteries may represent an early developmental stage of reactivity to VEGF. That VEGF-and starvationinduced changes in MLCK expression were not correlated with contractility in either fetal or adult arteries emphasizes that MLCK abundance alone is not a strong predictor of contractile behavior; other factors are clearly involved.
The third contractile protein analyzed using our transmural morphometry paradigm was MLC 20 . This protein is a critical regulator of smooth muscle contraction expressed at similar levels in fetal and adult ovine arteries, although regulation of its levels of phosphorylation appears to be highly age dependent (28, 41, 51) . Consistent with those findings, the present results revealed a slightly greater abundance of MLC 20 in adult than in fetal arteries across all three regions (Fig. 6) . Adult arteries exhibited a modest transmural gradient in MLC 20 expression, with maximum levels in the adventitial region, suggesting that MLC 20 expression also may be influenced by growth factor gradients across the artery wall. Compared with MLCK, starvation-induced decreases in MLC 20 were much smaller in adult arteries, suggesting that MLC 20 is dynamically regulated and dependent on continuous trophic support but to a smaller extent than observed for MLCK and to a much greater extent than observed for SM␣A. Similar to the effect of VEGF on SM␣A abundance in adult arteries, treatment with Fig. 7 . Transcripts for the VEGF receptors flt-1 and KDR are expressed in ovine carotid smooth muscle. Identical masses of total RNA extracted from freshly dissected, uncultured, endothelium-denuded ovine carotids were amplified using quantitative real-time PCR with primer sets specific for the VEGF receptors Flt-1 and KDR. To verify lack of contamination with endothelial cells, total RNA samples were also amplified with primer sets specific for endothelial nitric oxide synthase (eNOS). Relative copy numbers were calculated using efficiency curves prepared for each run, and the results are expressed relative to the abundances of each marker measured in cultured ovine endothelial cells (positive control). Asterisks indicate significant differences between corresponding fetal and adult values. Error bars indicate means Ϯ SE for 5 fetal arteries and 5 adult arteries. Transcript abundances were significantly greater in fetal than adult arteries for both Flt-1 and KDR. In both fetal and adult arteries, the relative abundance of Flt-1 was less than for KDR. The relative absence of eNOS transcripts in the RNA extracts verifies that the sources of the measured transcripts did not originate from endothelial cells.
VEGF depressed MLC 20 expression in adult arteries, and the magnitude of this effect was least in the luminal region and greatest in the adventitial region. In sharp contrast, VEGF increased MLC 20 expression in fetal arteries even though the response to serum starvation was similar to that observed in adult arteries. Together, these findings reinforce the hypothesis that VEGF influences vascular smooth muscle composition and function through direct endothelium-independent mechanisms.
Age-dependent expression of VEGF receptor transcripts. A central question raised by the observed effects of VEGF on contractility and contractile protein expression concerns the pathway through which VEGF exerts these effects. As suggested by our qPCR measurements of very low levels of eNOS transcripts in both age groups (Fig. 7) , the methods used to remove the endothelium were effective and thus minimize the likelihood that our results could be explained by direct effects of VEGF on endothelial cells, with secondary effects on the underlying vascular smooth muscle. Although it is possible that VEGF could also act directly on adventitial fibroblasts, such effects are typically associated with increased fibroblast migration, but not proliferation, and thus would probably not exert secondary effects on adjacent smooth muscle (31) . Instead, our findings that transcripts for Flt-1 and KDR were measured at significant levels in both fetal and adult arteries predict that the observed direct effects of VEGF were mediated by activation of specific VEGF receptors. In support of this interpretation, other studies have reported the presence of VEGF receptor protein and transcripts in cultured vascular smooth muscle from multiple sources (10, 22, 29, 45) . Although the relative mRNA abundances for both Flt-1 and KDR were significantly greater in fetal than in adult arteries, the physiological significance of these differences is challenging to interpret owing the possible variations in mRNA half-life, inhibition of translation by microRNA, and other mechanisms that influence translation efficiency. Direct measurements of VEGF receptor protein expression remain necessary to determine the extent to which differences in VEGF receptors can explain the observed age-related differences in responses to VEGF. Aside from these limitations, the mRNA results strongly support the hypothesis that VEGF can act on VEGF receptors to influence arterial contractility and contractile protein expression in an agedependent manner.
Overview. Altogether, the present results strongly support the general hypothesis that smooth muscle cells are organized into lamina of similar phenotype with characteristics that depend on the relative position between the lumen and the adventitia and involve the direct effects of VEGF on arterial smooth muscle independent of the vascular endothelium in an age-dependent manner. Although the present results do not directly elucidate the important functional consequences of this highly laminar structure of the artery wall, the results do show that VEGF can directly alter artery structure and function through endothelium-independent effects on smooth muscle phenotype. Effects of VEGF on contractility were evident only in adult arteries, which advances the corollary hypothesis that smooth muscle reactivity to VEGF is acquired during postnatal maturation. VEGF also produced multiple heterogeneous patterns of change in contractile protein expression that supported the gradient hypothesis but also demonstrated that regional differences in protein expression were highly protein specific.
VEGF depressed SM␣A abundance only in adult arteries, increased MLCK abundance only in fetal arteries, and increased MLC 20 abundance in fetal arteries but decreased it in adult arteries. Measurements of mRNA levels verified that VEGF receptor transcripts are expressed in large artery smooth muscle, which is consistent with the hypothesis that VEGF receptors mediate the observed effects, although the present data cannot exclude the participation of other receptors. Together, these findings extend previous studies of intramural differences in protein expression, which have been limited almost exclusively to cultured arterial smooth muscle, often in the presence of FBS, which can dramatically alter smooth muscle responses to trophic factors. The present use of organ cultures of fresh whole arteries also minimized the time-dependent changes in cell phenotype, which are typical of cultured smooth muscle. As a whole, the present results raise the possibility that physiological and pathophysiological changes in arterial smooth muscle structure and function associated with hypoxia, ischemia, and wound repair are also strongly associated with increased expression of VEGF and other growth factors (6, 24) and may involve the integrated influences of transmural gradients in these growth factors across the artery wall. Whereas the vascular endothelium is a potential source for many vasotrophic factors, the source of growth factors arriving first at the serosal surface of large arteries is less clear. For these arteries, the primary source of VEGF may be adventitial fibroblasts (25) , although this idea awaits experimental confirmation.
Beyond the present results, many questions remain. What other vasotrophic factors contribute to transmural gradients in smooth muscle phenotype? How might the presence of an intact endothelium influence responses to VEGF either directly or indirectly through the release of secondary trophic factors such as endothelin (13) or nitric oxide (65)? Could possible autocrine effects of VEGF on endothelial cells (36, 42, 59) in some way amplify the vasotrophic effects of VEGF on vascular smooth muscle? In view of the potential effects of estrogens on VEGF function (7, 15) , to what extent can the observed age-related differences in VEGF effects be explained by the fact that estrogen concentrations are typically far greater in female adults than in fetuses of either gender? In turn, might the effects of VEGF on adult arteries vary with gender or estrogen status postmenopause? Might higher concentrations or longer durations of VEGF treatment yield more pronounced effects on contractility and contractile protein expression? Can the differential effects of VEGF on depolarization-induced and stretch-induced contractions be exploited to elucidate the molecular differences between these two very different types of contraction? Do variations in transcript translation efficiency or receptor coupling efficiency contribute to the marked age-related differences in the effects of VEGF on smooth muscle? Regardless of the answers to these questions, the present data reinforce the unique hypothesis that smooth muscle cells are organized into lamina of similar phenotype with characteristics that depend on the relative position between the lumen and the adventitia and involve the direct effects of growth factors such as VEGF independent of the vascular endothelium in an age-dependent manner.
